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Abstract – To ensure adequate sanitation of water supplies a 
rapid, cheap and simple method to test water systems is required. 
The microbial fuel cell (MFC) technology has potential for the 
effective testing of water sources in real time. A single chamber (68 
L) miniature MFC biosensor for detection of the biological 
oxygen demand (BOD) of water systems and to detect toxicants is 
presented. The device showed a response to a change in BOD 
within 19 minutes. The effect of operational conditions (pH, 
temperature, flow rate) on current generation was shown to have a 
maximum sensitivity of 0.944 A cm-2 per unit change of the 
operational parameter. The power output of the device was 
enhanced by a factor of 28 by doubling the length of the anodic 
chamber and doping the cathode with a sustainable biochar based 
catalyst. The promise for detection of ‘emerging’ contaminants 
and toxicants in developing countries is discussed. 
 
Index Terms – Microbial Fuel Cell; microbial sensors; 
Toxicant; Water Quality  
I.  INTRODUCTION 
Thousands of different chemicals contaminate water 
systems. Their presence and biotoxicity must be quickly and 
efficiently assessed to contain the associated risks on the 
aquatic biota and human health. 
Microbial fuel cells are devices that directly convert the 
chemical energy in organic matter into electricity via metabolic 
processes of microorganisms [1]. The current generated by an 
MFC directly relates to the metabolic activity of the 
electroactive biofilm at the anode surface [2]. Any disturbances 
of their metabolic pathways are translated into a change in the 
production of electricity. 
If the MFC works at saturated fuel concentration and the 
operational conditions (pH, salinity, temperature and anode 
potential) are fixed, then variations in the current output can be 
associated with the presence of toxicants in the feeding stream. 
The MFC can therefore act as an indicator for biologically 
active compounds in water. 
The main strength of the MFC technology relies on its 
simplicity. No external transducers are needed, as the presence 
of a pollutant in the feeding stream is immediately detected by 
a current change from the system. MFCs also lead to stable and 
cost-effective sensors that can operate infield, and 
continuously. Finally, the electricity generated by the MFC 
opens up the prospective for self-powering operations. 
The work presented here looks at the use of miniature MFC-
based sensors to assess the chemical and biological oxygen 
demand of water systems and to detect toxicants. The effect of 
a range of operational conditions on the MFC current (pH, 
temperature and flow rate), as well as methods of increasing 
energy generated in miniature devices by changing geometry 
and cathode catalyst is presented. 
II.  DEVICE 
A miniature single MFC was constructed using a PDMS cast 
channel (444 mm3 [L, W, H] anodic chamber, anode surface 
area 0.16 cm2) sandwiched between two Perspex plates, Fig.1. 
Carbon cloth was used for the electrode materials. All tests 
were performed with three identical devices and the average 
response taken. 
III.  BOD SENSING 
With acetate used as a fuel source for the MFC biosensor, 
the effect of altering acetate concentration between 10-600 mM 
was studied. The sensor was capable of monitoring changes in  
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The system has to have a high reliability and availability. To 
achieve this the number of moving components should be kept 
low. 
 
A.  Catalytic reforming 
The first task of the project was to identify a catalyst which 
can process diesel fuel according to EN590. To perform this a 
small test reactor was built for testing of different materials 
with fuel from the next door petrol station in small scale. After 
several tests a catalyst was identified which proofed a high fuel 
processing capability at well-fitting process parameters [1]. 
Based on this catalyst the fuel processing section of the 
system was designed by using simulation methods. Special 
consideration was given to the recirculation. Goal was the 
realization of an adiabatic process. 
 
B.  Electric behavior 
The second main requirement is that the power system can 
operate in an island mode without rotating generators. This 
requires power electronics to provide highly dynamic load 
changes and sufficient short circuit currents. The characteristic 
of fuel cells in turn favors smooth operation. This made it 
necessary to introduce an energy buffer as part of the system at 
the DC side. 
Again utilizing simulation methods several configurations of 
LiIon-batteries were evaluated. They offer a good combination 
of energy density and power capability. Combinations with our 
storages are surely possible but will be investigated later. The 
simulations led to a configuration of multiple batteries which 
are not operated in parallel to prolong the lifetime. 
 
C.  Scalability 
Since fuel cells are packed in stacks which have to be 
packed again to gain larger powers, the power output should be 
scalable to suite different needs in later applications. 
This is realized by defining a base module, which will suite 
most of the spatial boundary conditions in maritime and 
onshore applications. By stacking these modules next to each 
other typical power outputs from 45 to 270kW can be realized 
per plant. Larger systems are possible depending on the 
available installation space dimensions. 
 
IV.  CONSTRUCTION AND TEST 
After a proof of concept test with a 10kWe class test rig the 
construction of a 50kWe demonstration plant is actually 
performed. The plant will be mounted inside standard 
containers for easier handling. A land based test will start end 
of this year and the operation on board the MS Forester will 
follow up. This is a mid-size commercial vessel where the total 
electric energy demand is between 100 and 200kWe. So the 
demonstrator will provide a significant share to the board 
network and can be operated like a rotating generator. The 
onboard operation will take place at least till end of 2016 with 
an option of 2 additionally years. 
V.  CONCLUSION 
After working on this project for more than 7 years, we 
found, that liquid hydrocarbons are a valid option for certain 
power needs, especially in transport applications. In 
combination with fuel cells as energy converter liquid 
hydrocarbons can be utilized clean and quiet in applications 
with large energy demands. 
Furthermore it became obvious, that HT fuel cells, especially 
SOFC, are at a well advanced technology state but the 
manufacturers need better funding. The availability of stacks on 
the market is not sufficient in terms of competition. 
Additionally the suppliers should be willing to supply stacks or 
stack assemblies to integrators, since single MEAs cannot be 
handled by many integrators. 
Finally, fuel cells should always be seen as part of an 
aggregate, which includes the electrical side. In conjunction 
with energy buffers fuel cells can alter electric distribution 
systems a lot and offer additional efficiency gains. 
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Fig. 1.  Miniature single chamber MFC used in this work 
 
the labile organic carbon content with response times on 
average of 19 minutes, with non-saturated conditions below 
100 mM, Fig.2. For detecting toxicants in water sources the 
concentration of substrate must be maintained above this. 
 
 
Fig. 2.  Response of MFC unit to acetate concentration in feed stream, 
data is average of 3 MFCs with 12% error.  
IV.  OPERATIONAL CONDITIONS 
For sensing toxicants, operational conditions such as pH, 
temperature, and flow rate must be controlled. The effect of 
these parameters on the baseline current generation was 
studied. 
The sensitivity of these parameters within a linear range can 
be determined by equation 1: 
 
       (1) 
 
The sensitivity of the MFC to temperature (15-35°C), pH 
(4.5-11) and flow rate (0.1-2.2 mL min-1) was 0.020 A °C-1 
cm-2, 0.806 A cm-2 and 0.944 A mL-1 min cm-2 respectively. 
Death of the biofilm was observed at 50 °C and at flow rates 
exceeding 3.5 mL min-1. Response times of the MFC sensor to 
operational condition changes were between 14-39 minutes. 
V.  DEVICE GEOMETRY 
To determine the effect of length on MFC performance, an 
additional MFC device was made with twice the length of the 
aforementioned device (844 mm [L, W, H], anode area 0.32 
cm2). Doubling the length of the anodic chamber enhanced the 
maximum power density of the device from 60 to 580 mW m-3.  
VI.  CATHODE CATALYST 
Usually Pt based catalysts are used at the cathode. The use of 
biomass based catalysts was studied for the purpose of 
sustainable enhanced power generation. Longer [L = 8 mm] 
MFC devices were prepared with 1.5 mg cm-2 of N/S/Fe-doped 
biochar doped onto the cathode, and their performance 
compared with MFCs without a cathode catalyst. The biochar 
improved the maximum power density of the device from 580 
to 1680 mW m-3. 
VII.  PROSPECTIVE MFC BIOSENSING 
The MFC biosensor presented in this work has proven to 
have suitable response times and good stability for use as a 
rapid, simple and cost-effective device to test water quality. 
Looking forward, the miniature MFC device will be used to 
detect toxicants relevant to developing countries (NO3-, heavy 
metals, etc.) and for ‘emerging’ toxicants (e.g. pharmaceuticals 
and their metabolites). Moreover field testing of real water 
systems will be pursued to ensure that the testing of multiple 
contaminants in water sources is feasible. 
VIII.  CONCLUSIONS 
This work demonstrates the development of a miniature 
single chamber MFC biosensor for water quality monitoring. 
The sensitivity of the device to operational conditions such as 
temperature, pH and flow rate was no more than 0.944 A cm-2 
per unit change, and the device was responsive to changes in 
BOD within 19 minutes. The maximum power density of the 
MFC was increased by doubling the length of the anode 
chamber and by adding a biochar based catalyst to the cathode, 
with a combined improvement by a factor of 28. 
The future research goals are to test this device against 
toxicants relevant to developing countries and against 
‘emerging’ contaminants in water systems. Moreover, the 
challenges of contaminant mixtures will be addressed by field 
testing the device in real water systems. 
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Abstract – We report our recent results on the development of 
miniature glucose/oxygen enzymatic flow-through fuel cells for 
healthcare applications. The fuel cells implement non-toxic highly 
porous gold (hPG) electrodes and do not require any external 
mediators to facilitate the electrical communication between the 
enzyme redox centre and the electrode. We demonstrate power 
generation from transdermal fluid, obtained by reverse 
iontophoresis from pig skin, and prove the hPG electrodes 
stability towards the typical impurities of biological fluids (i.e. 
small proteins, amino acids). These exciting results are a step 
forward towards the use of EFCs for wearable healthcare devices. 
Index Terms – Enzymatic fuel cell, glucose sensors, highly 
porous gold, wearable devices. 
I.  INTRODUCTION 
The development of self-powered wearable biodevices is highly 
attractive for a number of applications, including non-invasive 
detection of biomarkers, transdermal drug delivery and fitness 
monitoring. Enzymatic fuel cells (EFCs) hold great potential as 
a power source for such devices. These particular types of fuel 
cells use redox enzymes as catalysts to convert organic 
substrates, such as carbohydrates, into useful electricity at body 
temperature. In the past few years, electricity generation from 
human physiological fluids via EFCs has been reported, which 
proved the possibility to harvest energy from tears [1], serum 
[2] and saliva [3]. Considering the short-term stability of 
enzymes, EFCs are suitable for non-invasive applications, such 
as in attachable and adhesive devices, rather than implanted 
devices. A recent practical example is given by the EFC tattoo 
that harvests energy from lactate [4]. 
The majority of the EFCs reported implement external 
electron mediators, either in solution or co-immobilised with 
the enzyme, to improve the electron transfer to the anode. The 
use of these mediators, however, limits practical applications of 
EFCs, due to their potential toxicity and/or risk of leaching. 
Moreover, these devices usually implement carbon nanotubes 
or carbon nanoparticles whose toxicity is still controversial [5]. 
We have recently reported continuous power generation 
from two miniature flow-through glucose/oxygen enzymatic 
fuel cells [6]. The EFCs used highly-porous gold (hPG) as 
electrodes, as an alternative to carbon-based electrodes. hPG is 
characterised by a very high specific surface area, with a pore 
size distribution ranging from the micro to the nano scale [7]. 
This property, in combination with high conductivity and 
biocompatibility, makes hPG electrodes an ideal support for 
enzyme immobilisation and allows a very good electrical 
communication between the electrode and the enzyme [8]. We 
have also developed a cascade of three EFCs embedded in a 
compact and handy single channel device (manuscript in 
preparation) and we demonstrated for the first time power 
generation from iontophoresis extracts. Iontophoresis is a 
technique to extract charged and highly polar compounds 
across the skin via the application of a small electric current. 
iontophoresis extracts serve as a very good approximation of 
sweat, since they are characterised by the same constituent 
compounds. 
II.  RESULTS 
A.  Fabrication of miniature EFCs 
A thin film of hPG was electrochemically deposited onto 
platinum (Pt) wires (ID 0.5 mm) via a hydrogen bubbling 
template [7]. Glucose oxidase (GOx) and laccase (LAC), used 
respectively at the anode and at the cathode, were immobilized 
onto the hPG surface via electrochemical adsorption [8]. 
Four different devices were developed, as shown in Figure 1. A 
mould with the negative of the EFC device design was 
fabricated by 3D printing. This structure was replicated in 
polydimethylsiloxane via the replica moulding technique. 
 
